High concentrations of fluoride in groundwater have become a global environmental challenge. Out of the various methods developed for effective removal of fluoride adsorption using activated alumina (AA) is popular as it has a low initial cost. AA offers excellent chemical and mechanical stability, selectivity for fluoride, favorable hydraulic properties, regenerability but offers lower adsorption capacity as there is reduction in material and capacity with an increased presence of aluminum. Hydroxyapatite nanoparticles have been found to possess high adsorption capacity for fluoride but they lack mechanical stability and favorable hydraulic properties. In this study, we synthesized a hybrid adsorbent, modified activated alumina, prepared by dispersing nanoparticles of hydroxyapatite inside AA granules. The hybrid adsorbent possesses a maximum adsorption capacity of 14.4 mg F/g which is at least five times higher than that of the virgin AA which has been used extensively for fluoride removal. A column run carried out on the hybrid adsorbent with a synthetic solution containing 3 mg/L fluoride lasted for 450 bed volumes before a breakthrough of 1.5 mg/L was observed. The exhausted adsorbent could be fully regenerated in a column within six bed volumes using commonly available innocuous chemicals. The study will contribute to the field of effective removal of fluoride from contaminated drinking water.
INTRODUCTION
AA is frequently used as an adsorbent for fluoride removal but it has a low adsorption capacity of 1.556 mg F/g for fluoride removal (Viswanathan & Meenakshi ) .
Regeneration is possible using commonly available inexpensive chemicals; however, frequent regeneration requirements make the whole adsorption process expensive. Hydroxyapatite can offer a better solution as nanohydroxyapatite has a fluoride adsorption capacity of 1.845 mg F/g, as reported by Sundaram et al. () . However, the nanoparticles, due to their poor durability and unfavorable hydraulic properties, are not suitable for direct application in fixed bed columns, reactive barriers, or in any plug-flow-like applications. One way to make the nanoparticles fit for field applications is to encapsulate them inside a matrix of a host material (Sarkar et al. ) .
In this article, we report the synthesis and characterization of a hybrid adsorbent, modified activated alumina (MAA), prepared by dispersing nanoparticles of hydroxyapatite inside AA granules. We also report the results of the performance validation experiments with MAA for fluoride removal from synthetic contaminated water. Figure 1 
MATERIALS AND METHODS

Synthesis of MAA
where ≡Al denotes aluminum at surface and overbar denotes the solid phase. 
Next, the contents of the column were thoroughly washed with deionized water and the whole procedure was repeated for two more cycles.
Characterization of the MAA
MAA prepared in the foregoing step was analyzed using a scanning electron microscope ( having an internal diameter of 11 mm. Desorption studies were carried out in situ of the column using 1 N NaOH solution.
Analysis of water samples
Fluoride contents in the water samples or aliquots were analyzed using UV-VIS light spectrophotometer (Hitachi, U-2900) using SPADNS method as described in Standard Methods (Standard Methods ). All readings were taken in triplicate and only an average of the readings was reported.
RESULTS AND DISCUSSION
Characterization studies of AA and MAA
The virgin AA granules were spherical in nature with size between 600 and 900 microns and a pore volume of 0.46 mL/g. MAA particles had the same size and the BET surface area was found to be 137.5 m 2 /g. when NaCl solution was used as the supporting electrolyte.
Kinetic study
The kinetic studies were carried out at three different initial to the square of the available sites. Therefore,
where k 2 is the pseudo-second-order rate constant of adsorption; q t and q e are the solid phase fluoride adsorption at time t and at equilibrium, respectively.
Integration and rearrangement of the above equation yields the following:
where Batch adsorption studies in the MAA has received almost a five-fold boost over that of AA, a possible mechanism for which will be discussed later.
To quantitatively describe the adsorption behavior of MAA it is necessary to model its adsorption characteristics for fluoride. There are two popular models generally used, namely Freundlich's model and Langmuir's model.
The Freundlich model is defined by Equation (7)
The Langmuir model is represented by Equation (8)
where q e and C e are equilibrium solid and aqueous phase concentrations of adsorbate, respectively. Q max is the maximum monolayer adsorption capacity and b, k f , and n are constants. Methods to fit the model with the experimental In AA phase, the following reactions take place (Ghorai & Pant ):
The following reactions take place in the 
Reactions shown in Equations (10) and (13) 
Regeneration studies
Partially exhausted MAA bed after a column run was regenerated in situ using 1 N NaOH. Regeneration at elevated pH essentially altered the surface charge of the AA surface following Reaction (14) so that there is a net negative charge on the surface which creates a reverse Donnan potential causing removal of fluoride anions from inside the adsorbent phase
In the hydroxyapatite phase, the following reaction takes place during regeneration:
In abundance of OH À ions, the following reactions take place:
Figure 7 After the regeneration, the bed was rinsed with one bed volume of distilled water followed by passage of 0.5 M HCl until the effluent pH reached a value of 7.0. The medium was subjected to rinsing by dilute HCl when the alumina surface became protonated according to the following reactions, before it was reused again
CONCLUSION
MAA is a hybrid adsorbent prepared by dispersing nanoparticles of hydroxyapatite within the micropores of AA.
The hybrid adsorbent showed higher capacity for removal of fluoride compared to its parent material, AA. pH and sulfate concentration in the water had a major effect on the fluoride adsorption capacity of the hybrid adsorbent.
Regeneration of the exhausted MAA was possible using inexpensive and easily available chemicals. In the laboratory it ran for three consecutive cycles of fluoride removal operation without any appreciable loss of capacity in between cycles. Thus, MAA may be considered as a promising material for practical use in remediation of fluoride from contaminated drinking water. For this purpose, it is necessary to extend this laboratory-based study into a number of pilot-scale studies in the field to further evaluate its performance as well as cost-effectiveness under different operating conditions. Optimizations of controlling parameters during pilot-scale studies followed by detailed engineering designs are required before attempts are made to scale-up the process for wide-scale use in the field. 
